(European American) and black (African American) adults, CRP gene haplotypes have been shown to be strongly associated with plasma concentration. [12] [13] [14] This led us to hypothesize that CRP is causally involved in atherosclerosis, and that alleles associated with higher CRP would confer an increased risk of CVD. Like the variant in PCSK9 (proprotein convertase subtilisin/kexin type 9), which was associated not only with lifelong lowering of low-density lipoprotein cholesterol but also with a reduced risk of CVD, CRP gene variants that affect CRP concentration levels may reflect lifetime exposure to CRP more accurately than CRP serum concentrations measured at a single point in time. 15 
METHODS

Cardiovascular Health Study
The Cardiovascular Health Study (CHS) design, recruitment, and data collection have been previously described. 16 There were 5888 men and women (Ն65 years) recruited from 4 US field centers: Forsyth County, North Carolina; Sacramento County, California; Washington County, Maryland; and Pittsburgh, Pennsylvania. Race/ethnicity was defined by selfreport. The original cohort (n=5201) was recruited from 1989 to 1990. A second cohort (n = 687) of black participants was recruited from 1992 to 1993. All participants were followed up through 2003, unless lost to follow-up, dropped out of study, or had an event before that time. Only individuals who reported race as white or black were included in our study; we excluded participants with prior MI or stroke (n = 765), or for whom DNA was not collected or who did not consent to the use of their DNA (n = 482). All procedures were conducted under institutionally approved protocols for use of human subjects, and all participants provided written informed consent.
The CHS baseline evaluation included demographic, lifestyle, and medical histories, physical examination, and fasting blood collection. 16, 17 Common carotid artery wall intimamedia thickness (CIMT) was determined at the baseline examination by high-resolution B-mode ultrasonography. 18 The mean maximal intimamedia thickness of the common or internal carotid wall was calculated from 4 scans on each carotid artery (right and left side) for each participant. Creactive protein was measured on stored EDTA plasma from the baseline examination by using a high-sensitivity enzyme-linked immunosorbent assay (coefficient of variation, 6.2%). 19 Plasma CRP was also measured 3 years after the baseline examination on a subset of 3256 white participants by immunonephelometry (coefficient of variation, 3.0%; BN-II instrument, DadeBehring, Deerfield, Ill). Both the enzyme-linked immunosorbent assay and nephelometric assays are standardized according to the World Health Organization reference plasma and yield highly correlated values.
Definition of Clinical CVD Events
Details of event ascertainment in CHS have been previously published. 20 Participants, family members, or other previously identified informants reported new cardiovascular events during semiannual contacts. Medical records were reviewed, and events were adjudicated by a physician review panel. Criteria for MI included history of chest pain, cardiac enzyme levels, and characteristic changes on serial electrocardiograms. Criteria for stroke included onset of symptoms, duration of deficits, and findings on computed tomography or magnetic resonance imaging. Adjudicated events occurring through June 30, 2003 , were available. Participants were followed up for up to 14 years (median: 13 years for white cohort and 10 years for black cohort).
Primary clinical end points for this analysis were incident non-procedurerelated fatal or nonfatal MI, stroke, and CVD mortality, defined as fatal event in which death was adjudicated due to atherosclerotic coronary heart disease or cerebrovascular disease, including definite fatal MI, definite fatal stroke, and definite or probable fatal coronary heart disease. 20 
CRP Polymorphism Genotyping
Based on linkage disequilibrium and haplotype patterns across the CRP gene locus, 1 , both located in the 3Ј flanking region) were typed in both the white and black CHS samples. A fifth tag SNP, 790 (rs3093058), located in the 5Ј promoter region is prevalent only among black participants, and therefore was genotyped only in the black CHS samples. Tag SNPs were genotyped using TaqMan Assays By Design (Applied Biosystems, Foster City, Calif) under standard conditions. Probe and primer sequences are available from the authors by request.
Statistical Analysis
Each of the CRP polymorphisms was assessed to determine if the observed genotype frequencies were consistent with expected Hardy-Weinberg proportions by using Pearson 2 tests. Marker-marker linkage disequilibrium was assessed using Lewontin's DЈ statistic 21 and the squared correlation statistic ⌬ 2 . 22 We considered statistical significance at the ␣=.05 level, before and after adjustment for multiple tests.
Genotype Association. All analyses were stratified by ethnicity to minimize potential confounding due to population stratification. Non-normal distributions were log-transformed as necessary. To assess SNP associations with plasma CRP levels and CIMT, we used analysis of covariance models (SAS version 8.0; SAS Institute, Cary, NC). Covariate adjustment was made for age, sex, clinic site, body mass index (calculated as weight in kilo-grams divided by height in meters squared), smoking status, triglycerides, and clinical or subclinical (for CRP only) disease at baseline. 2 3 Genotypes were tested for general association (no mode-of-inheritance assumption) using a 2-df F test. Covariate-adjusted mean values (least square means) were calculated from the regression coefficients.
We performed Cox proportional hazards regression models to test for association between SNPs and risk of incident MI, stroke, or CVD mortality. Two df likelihood ratio tests were conducted to test for a general association between genotype and time-to-CVD event. Cox proportional hazards regression models were performed with 3 levels of covariate adjustment: (1) adjustment for baseline age, sex, clinic site, body mass index, systolic blood pressure, diabetes mellitus, hypertension, and smoking status; (2) level 1 plus additional adjustment for baseline CRP concentration; and (3) level 2 plus additional adjustment for 3-year CRP concentration. To control for population stratification in black participants, we also adjusted black regression models for a variable that reflects the estimated proportion of African ancestry for each individual.
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Haplotype Association. Associations between haplotypes and plasma CRP and CIMT were assessed using an expectation-maximization-derived score test, 25 implemented in HAPLO.STAT (http://www.mayo.edu/statgen). For time-to-event data, we applied a method that formulates the effects of haplotypes and environmental variables on the time-to-disease occurrence in a Cox proportional hazards regression model by using an expectation-maximizationbased algorithm to maximize the likelihood for the relative risks and other parameters. 26 Both methods provide a global test of haplotype association and tests of association for individual haplotypes. An additive genetic mechanism was assumed. Only haplotypes with estimated frequencies of more than 5% were included. HAPLO.STAT performs individual haplotype tests that compare each haplotype to all other haplotypes pooled together, whereas the Cox proportional hazards regression model approach compares each haplotype to the most common haplotype.
RESULTS
Sample descriptions, including clinical end points, are shown in TABLE 1. Black participants had a higher prevalence of diabetes mellitus, current smoking, and higher median baseline plasma CRP compared with white participants.
The observed genotype distributions for the 5 CRP tag SNPs (TABLE 2) were consistent with Hardy-Weinberg equilibrium. There was little evidence of historical recombination between SNPs (estimated DЈ range, 0.98-1.00 in white participants and 0.85-1.00 in black participants). Because the SNPs were selected to maximize linkage disequilibrium coverage across the CRP gene, there was only a modest degree of correlation in genotype data between SNPs (estimated ⌬ 2 range, 0.03-0.22 in white participants and 0.00-0.06 in black participants).
CRP Genotype, Plasma CRP Level, and CIMT Three of 4 SNPs in the white sample and 2 of 5 SNPs in the black sample were strongly associated with baseline CRP concentration ( Table 2 ). The estimated proportion of variation in plasma CRP level explained by significant single SNP genotypes ranged from 0.7% to 1.8% in white participants and 1.2% to 4.4% in black participants. The estimated proportion of variation explained when including all CRP SNPs was 2.6% in white participants and 6.4% in black participants. Similar results were obtained using plasma CRP measurements obtained after 3 years of fol- and MI in black participants (P =.005) were statistically significant at an overall ␣ = .05 level, even after accounting for the 3 events (Bonferroni significance threshold P = .05 divided by 3: P = .02). The association between all SNPs and stroke in black participants (P=.04) was statistically significant before, but not after, accounting for 3 events.
Adjusting for Plasma CRP Level
In this study, CRP level predicted CVD risk. 7 Because CRP genotype likely influences risk through CRP synthesis, we additionally adjusted for plasma CRP level, which resulted in only a modest attenuation of hazard ratios (Table 4 and Table 5 ). The CVD risk estimates remained essentially unchanged when we limited analyses to the 3256 white participants with 2 plasma CRP measurements, and incorporated both measurements into the regression models (data available from authors). Abbreviations: CI, confidence interval; CIMT, carotid intima-media thickness; CRP, C-reactive protein; SNP, single-nucleotide polymorphism. *Baseline CRP level analyses were adjusted for age, sex, clinic site, body mass index, current smoking status, triglycerides, and clinical or subclinical cardiovascular disease (CVD) at baseline. The CIMT analyses were adjusted for age, sex, clinic site, body mass index, current smoking status, triglycerides, and clinical CVD at baseline. Analyses for black participants are additionally adjusted for estimated genetic ancestry to control for population stratification. 24 †The 790 SNP was not genotyped in white participants. ‡Unadjusted for multiple tests. §Statistically significant at an overall ␣ = .0001 level after applying a Bonferroni correction to account for results from all analyzed SNPs. ||Statistically significant at an overall ␣ = .05 level after applying a Bonferroni correction to account for results from all analyzed SNPs. Unadjusted P values for individual haplotypes represent the statistical significance of testing whether the mean CRP levels are the same for the particular haplotype compared with the CRP levels over all other haplotypes combined. The global P value corresponds to testing the null hypothesis that CRP levels are the same for all haplotypes. C-reactive protein levels and CIMT are adjusted for age, sex, clinic site, body mass index, triglycerides, current smoking status, and clinical cardiovascular disease (CVD) at baseline. C-reactive protein levels are additionally adjusted for subclinical CVD at baseline. Analyses for black participants are additionally adjusted for estimated genetic ancestry to control for population stratification. 24 Haplotypes with estimated frequency of less than 5% were excluded from analysis. Abbreviations: CI, confidence interval; CRP, C-reactive protein; CVD, cardiovascular disease; SNP, single-nucleotide polymorphism. *Hazard ratios are adjusted for sex, clinic site, and baseline measures of age, body mass index, systolic blood pressure, diabetes mellitus, hypertension, and current smoking status. P values are for general test of association (no mode of inheritance). Participants with a myocardial infarction or stroke before baseline were excluded from analyses. †Unadjusted for multiple tests. ‡Statistically significant at an overall ␣ = .05 level after applying a Bonferroni correction to account for results from the 4 analyzed SNPs.
Haplotype-Based Analyses of Clinical CVD Events
Haplotype-based analyses gave results similar to the single SNP analyses in both white and black participants (TABLE 6) . Statistically significant (event-specific) haplotype-based associations were observed for 3 (MI risk in black participants; stroke risk and CVD mortality in white participants) of the 6 ethnicityevent combinations and a trend was observed for a fourth event (stroke risk in black participants). The haplotypebased association with CVD mortality in white participants remained statistically significant (PϽ.05) after applying a Bonferroni correction to account for multiple testing with respect to the 3 events (white participants).
COMMENT
Our results suggest that a genetic basis may underlie, in part, the relationship between CRP concentration and CVD risk in older adults. The association we observed between CRP tag SNP genotype and plasma CRP concentration confirms previous findings in younger adults. [12] [13] [14] 27 Together these results provide strong evidence that genetic variation within the CRP gene influences plasma CRP levels over the adult lifespan.
We additionally observed associations between CRP SNP genotypes and risk of future CVD events. Specifically, the 790 T allele was associated with increased risk of MI in black participants, the 1919 T allele was associated with increased risk of stroke and CVD mortality in white participants, and the minor alleles of 2667 and 3872 SNPs were associated with decreased risk of CVD mortality in white participants. The direction of the CVD risk estimates tended to be consistent with ass o c i a t i o n s w i t h p l a s m a C R P concentration measured late in life. The specific CVD outcomes associated with CRP genotype differed by ethnicity. Possible explanations include differences in allele frequencies between white and black participants, reduced statistical power in the smaller black cohort, or chance association. In contrast with the observed association with clinical CVD, there was no evidence of association between the same CRP gene variants and Abbreviations: CI, confidence interval; CRP, C-reactive protein; CVD, cardiovascular disease; SNP, single-nucleotide polymorphism. *Hazard ratios are adjusted for sex, clinic site, and baseline measures of age, body mass index, systolic blood pressure, diabetes mellitus, hypertension, current smoking status, and estimated genetic ancestry to control for population stratification. Participants with a myocardial infarction or stroke before baseline were excluded from analyses. P values are for a general test of association (no mode of inheritance). †Unadjusted for multiple tests. ‡Ellipses indicate no stroke events occurred in the AA genotype for this SNP during the follow-up period.
CIMT, a measure of extent of subclinical atherosclerotic disease, consistent with lack of association of plasma CRP levels with this same measurement. 28, 29 The direction of the observed CRP genotype/haplotype-phenotype associations are also supported by previous functional data on polymorphisms within the CRP promoter region. 12, 13 The common CRP promoter haplotype in black participants tagged by the 790 T allele was associated with increased basal CRP transcriptional activity in human hepatocytes in vitro. 12 Moreover, the 790 T allele and the 1919 T allele (located within the first intron) are both closely linked with high-activity CRP haplotype groups that are defined by another common promoter polymorphism at site 1440. 12 In contrast, the minor alleles of the 2667 and 3872 polymorphisms are linked with CRP haplotypes associated with decreased promoter activity.
C-reactive protein may be both a marker of CVD and an active participant in the disease process. 30 It is plausible that CRP genotype influences CRP synthesis, which in turn could mediate the onset of clinical CVD events. The association between CRP genotype and clinical CVD, together with the absence of association between CRP genotype and CIMT, suggests a greater involvement of CRP in the transition from subclinical to clinical disease than in atherosclerosis progression. This hypothesis is also consistent with the observation that CRP levels predict risk of stroke in CHS independently of CIMT.
5 C-reactive protein is present in atherosclerotic plaques 31 and has been associated both experimentally and clinically with plaque instability and thrombosis, [32] [33] [34] which might increase the propensity toward acute ischemic events, such as MI or stroke. Creactive protein may be capable of maintaining a procoagulant phenotype through induction of tissue factor and plasminogen activator inhibitor 1 expression in vascular cells or blood monocytes. 35 The complementdependent ability of CRP to enhance ischemia-induced myocardial tissue damage 36 and cerebral infarct size 37 is another potential mechanism linking CRP and CVD events.
We found that the hazard ratios of CVD for CRP genotypes were only slightly attenuated on adjustment for plasma CRP concentration. If the mechanism of the association between CVD events and CRP genotype was solely through the gene's influence on CRP concentration, we might expect the attenuation to be more pronounced. However, within our study, individual CRP SNP genotypes account for less than 2% of the interindividual variation in plasma CRP concentration. It may not be that surprising that both CRP concentration and CRP genotype are independently associated with CVD events. Moreover, if chronic inflammation plays a causal role in the development of CVD, plasma CRP measured at a single point in time may not adequately reflect an individual's cumulative inflammatory burden. It is known that there is significant intraindividual and analytical variability in plasma CRP levels. 19, 38 It also remains remotely possible that the genetic variant responsible for the CRP genotype-CVD event association lies outside of the CRP gene locus and that the observed association is not mediated by plasma CRP levels. The low level of linkage disequilibrium between the structural CRP gene tran- script and either flanking gene (serum amyloid P gene or the dual-specificity kinase 23 locus) observed in the HapMap data makes it unlikely that the genetic variant responsible for the CRP genotype-CVD event association lies outside the CRP gene locus. Thus, we consider it substantially more likely that the observed association is mediated directly through the CRP gene than through a linked secondary locus. Finally, the current findings imply that the interpretation of data from CRP genotype-CVD association studies with respect to mendelian randomization and causality of CRP levels may prove to be more complex than previously appreciated. [39] [40] [41] Although CRP genotype was strongly associated with plasma CRP concentration, there was little association between CRP genotype and risk of MI or stroke in the Physician's Heath Study, the Framingham Heart Study, or the Rotterdam Study. 14, 27, 42, 43 There are a number of possible explanations for the differences in CRP genotype-clinical CVD association between CHS and these other studies. Our analysis included a larger sample size and greater numbers of clinical events; therefore, we had greater power to detect association. In CHS, the association between CRP genotype and CVD risk appeared to be strongest for fatal events. In the Physician's Health Study and the Rotterdam Study, the results were not examined according to fatal vs nonfatal outcomes. It is possible that through an effect on acute phase response CRP genotype is more strongly associated with more severe events. This concept is supported by a recent study performed on 1827 white patients with acute coronary syndrome, in which CRP genotype was observed to be strongly associated with CRP levels measured within 10 days of an event. 44 In addition, the participants in the Physician's Health Study were younger and 100% were men. Although it is generally expected that the influence of genetic factors is more important in younger individuals, it may be that older persons have had greater exposure to environmental triggers, thus allowing genetic susceptibilities to become more evident. Indeed, plasma markers of inflammation are under substantial genetic influence, even in older adults. 45 Therefore, confirmation of our findings in other large population studies of older adults with large numbers of fatal events will be important for clarifying the role of the CRP gene and risk of CVD.
